ABSTRACT: Matrix metalloproteinases (MMPs) and chemokines seem to be induced by hyperoxia in preclinical studies. We hypothesized that O 2 exposure immediately after birth is associated with altered blood spot MMP 9 and ␤ chemokine concentrations. The following analytes were measured on blood spots on d 1 and 3 of life, using luminex technology in 1059 infants (birth weights Ͻ1000 g) in the NICHD Neonatal Research Network: MMP 9, monocyte chemoattractant protein 1 (MCP 1), macrophage inflammatory proteins (1␣ and ␤), and regulated upon activation, normal t cell expressed and secreted (RANTES). Infants administered O 2 continually from 6 to 24 h of life (n ϭ 729), when compared with those with Ͻ6 h exposure (n ϭ 330), had significantly lower mean birth weight and higher rate of respiratory distress syndrome (p Ͻ 0.002). On d 3, MCP 1 was higher and RANTES lower among infants with early prolonged O 2 exposure. After adjusting for covariates, prolonged early O 2 exposure retained a statistically significant association with higher MCP 1 on d 3 (p ϭ 0.003). The consistent association between O 2 exposure and MCP 1 among extremely preterm infants suggests that further investigation of its role in oxidative injury is warranted. (Pediatr Res 67: 77-82, 2010) E xposure of extremely preterm infants to high concentrations of oxygen (O 2 ) has been causally linked to several neonatal morbidities, such as bronchopulmonary dysplasia (BPD), retinopathy of prematurity, and periventricular white matter injury (1-3). In addition, a dysregulated inflammatory response is considered a major contributory factor in the development of these morbidities (4 -6). Inflammation and oxidative stress share overlapping mechanisms and potentiate each other. During inflammation, activated macrophages release oxygen free radicals, which in turn cause the release of proinflammatory mediators (7). Oxygen has been shown to induce inflammation in the heart, lungs, and brain with the activation of metalloproteinases and cytokines (8,9). Whether and how oxidative injury is linked to inflammation has not been directly examined in human neonates.
xposure of extremely preterm infants to high concentrations of oxygen (O 2 ) has been causally linked to several neonatal morbidities, such as bronchopulmonary dysplasia (BPD), retinopathy of prematurity, and periventricular white matter injury (1) (2) (3) . In addition, a dysregulated inflammatory response is considered a major contributory factor in the development of these morbidities (4 -6) . Inflammation and oxidative stress share overlapping mechanisms and potentiate each other. During inflammation, activated macrophages release oxygen free radicals, which in turn cause the release of proinflammatory mediators (7) . Oxygen has been shown to induce inflammation in the heart, lungs, and brain with the activation of metalloproteinases and cytokines (8, 9) . Whether and how oxidative injury is linked to inflammation has not been directly examined in human neonates.
Matrix metalloproteinases (MMPs) are a group of zincdependent endopeptidases involved in the pathogenesis of tissue injury and wound healing in the endothelium, lung, and myocardium (10, 11) . Preclinical studies suggest that MMPs may be linked to oxidative injury, with free radicals inducing MMP gene expression (12) . In a hypoxic piglet model, pro-MMP 9 increased in the pulmonary tissue, and MMP 9 levels increased in bronchoalveolar lavage fluid after resuscitation with 100% oxygen compared with room air, suggesting that these changes were triggered by oxidative stress (13) . In another study, MMP 9 activity in hyperoxia (Ͼ80% oxygen for 24 to 120 h)-induced lung injury in a pig model correlated significantly with blood oxygen tension and neutrophils in broncho-alveolar lavage fluid (14) . Significant correlations have been reported between protein carbonyl concentrations, a measure of protein oxidation, and MMP 9 levels in bronchoalveolar lavage fluid from ventilated newborns (15) . Hyperoxia seems to induce MMPs, setting up a cycle of events culminating in lung injury.
Chemotactic cytokines (␤ chemokines) are a superfamily of structurally related proteins involved in leukocyte trafficking and activation, which like the MMPs, seem to be induced by hyperoxia in several animal species (16 -18) . Monocyte chemoattractant protein 1 (MCP 1), macrophage inflammatory proteins (MIP 1␣ and ␤), and regulated upon activation, normal T-cell expressed and secreted (RANTES) are some of the chemotactic cytokines. Newborn rats exposed to 95% oxygen demonstrated a significant induction of MCP 1 in bronchoalveolar lavage fluid between d 2 and 7 of exposure, when compared with controls exposed to air (19, 20) . Antichemokine treatment on d 3 and 4 partially prevented neutrophil influx, alveolar septal thickening, and decreased tissue carbonyls (19, 20) . An interaction between chemokines and oxidative stress has been reported, and a possible pathogenic role attributed in adults with acute coronary syndromes or undergoing hemodialysis (18) .
The relationship, if any, between blood metalloproteinases and chemokines and O 2 administration has not been previously evaluated in neonates. The hypothesis of the current exploratory investigation was that O 2 exposure immediately after birth is associated with altered blood spot MMP 9 and ␤ chemokine levels. Our broad intent was to determine whether MMP 9 or any of the ␤ chemokines, which seem to be induced by oxygen free radicals in experimental data, were markers of oxidative exposure in extremely preterm infants. For this purpose, we evaluated blood levels on d 1 (within 4 h of birth) and 3; the initial sample served as a baseline, and the second sample was taken at a time point when many potential confounders were avoided, and yet, infants in the "prolonged early O 2 group" had already suffered sustained O 2 exposure. Our specific aims were a) to compare blood spot MMP 9 and ␤ chemokines (MCP 1, MIP 1␣ and ␤, and RANTES) on d 1 and 3 among extremely preterm infants who required O 2 at 6 h of life continuing through age 24 h and those with brief (Ͻ6 h) or no exposure; b) to examine the changes in circulating levels of MMP 9 and ␤ chemokines from d 1 to 3 in the two subgroups of infants with differential duration of oxygen exposure; c) to correlate blood MMP 9 and ␤ chemokines on d 1 and 3 of life with the highest fraction of inspired oxygen (FiO 2 ) administered at the corresponding time points; and d) to evaluate whether O 2 exposure was an independent determinant of blood MMP 9 and ␤ chemokine concentrations, after adjusting for other variables.
PATIENTS AND METHODS
Study population. The results of this study are derived from the secondary analyses of data collected from preterm infants who participated in the "Inflammatory Cytokines and Neurodevelopmental Outcomes in Extremely Low Birth Weight Infants" study of the NICHD multicenter Neonatal Research Network (Carlo WA et al., Inflammatory Cytokines and neurodevelopmental outcomes in extremely low birth weight infants, 2007 PAS Annual Meeting, May 5-8, 2007 , Toronto, Canada, Abstract 615350.5.21). The study was approved by the institutional review boards of all participating centers (Supplemental material, http://links.lww.com/PDR/A53), and informed parental consent was obtained. The study population comprised preterm infants with birth weights between 401 and 1000 g of both genders and all racial or ethnic groups.
Study interventions. Neonatal data, including details of delivery room (DR) resuscitation, gestation, race, gender, 5-min Apgar score, number of doses of surfactant administered, use of high frequency ventilation, and maternal data including antenatal steroids, were prospectively collected. Data on "early onset sepsis," defined as bacteremia within 72 h of birth and use of "antibiotics for 5 or more days" initiated within the first 72 h were also obtained. The data collection form recorded prolonged early O 2 exposure as a requirement for "supplemental oxygen (FiO 2 Ͼ0.21) continuously from 6 h of life to 24 h of age." The highest administered FiO 2 on d 1 and 3 of life were also recorded.
Blood samples (whole blood spots, dried on filter paper) were obtained on d 1 (within 4 h of birth) and on d 3 Ϯ 1 of life. Blood samples were obtained from indwelling arterial or venous lines or from heel sticks if an indwelling line was not available. For each sample, blood was used to fill each of two circles on filter paper. The samples were allowed to dry at room temperature and then stored in a freezer.
Assay for MMP 9 enzyme and ␤ chemokines was performed with a multiplex assay using luminex (xMAP) (Luminex Corp, Austin, TX) technology (21) . This technology is known to have a sensitivity comparable with traditional ELISA-based systems but with advantages of an extended dynamic range. It combines the principle of a sandwich immunoassay with fluorescent bead-based technology.
Data analysis. We used nonparametric methods of statistical analysis wherever possible, acknowledging the skewed nature of the ␤ chemokine and MMP 9 measurements. Descriptive statistics included medians and 25th and 75th quartile ranges of ␤ chemokines and MMP 9 at the time points when blood samples were obtained. Wilcoxon test was used to compare the two groups at each time point. Postnatal changes from d 1 to 3 were compared in the two groups of infants, using median regression, after adjusting for covariates. Correlations between plasma concentrations on d 1 and 3 of life and the highest FiO 2 at the corresponding time points were examined using Spearman rank correlation coefficients. Significant correlations were further examined, using median regression, after adjusting for covariates. Because of the skewed data, median regression analysis was also performed to determine whether O 2 exposure was an independent determinant of MMP 9 and chemokine levels, after adjusting for covariates. Gestation, gender, 5-min Apgar score, antenatal steroids, early onset sepsis, and severity of respiratory illness were used as covariates. Severity of respiratory illness was defined as surfactant doses Ͼ2 or the need for high frequency ventilation. In view of multiple comparisons, a p value of Ͻ0.01 was taken as statistical significance. Data were analyzed using SAS version 9.1.3 (SAS Institute, Cary, NC). (Fig. 1) . Infants with a sample at either time point were included; 158 infants in the brief O 2 group and 335 in the early prolonged O 2 group had both samples. Table 1 compares the demographic characteristics of the two groups. The group with more prolonged early oxygen administration was significantly more premature, had lower mean birth weight, was intubated in the DR more often, and had a higher incidence of respiratory distress syndrome (RDS) with a greater need for surfactant (all p Յ 0.002). A significantly greater proportion of these infants were treated with antibiotics for 5 d or longer (p ϭ 0.0002). The proportion of infants who were small for gestation was significantly higher (22 versus 11%) in the group with brief oxygen requirement for Ͻ6 h. "Maternal antibiotics in the admission resulting in the delivery," a surrogate for chorioamnionitis did not differ in the two groups.
RESULTS

Clinical data.
MMP 9, ␤ chemokines, and the relation with early prolonged oxygen exposure. Median and interquartile ranges of MMP 9 and ␤ chemokine concentrations in the two groups of infants with brief and prolonged O 2 exposure on d 1 and 3 are shown in Table 2 . There was a considerable variation in each chemokine in both groups and both time points. MCP 1 on d 3 was significantly higher (p Ͻ 0.01), whereas RANTES on d 3 was significantly lower among infants with predefined prolonged early oxygen exposure (p Ͻ 0.01). MMP 9 and MIP 1␣ and ␤ were comparable in the two groups on both d 1 and 3. The relationship between O 2 administration and MMP 9 and ␤ chemokine profiles was further examined using correlation analyses with the highest FiO 2 at the corresponding periods. There were negative correlations betweem MMP 
Median regression was used to examine whether the relationship between O 2 exposure and ␤ chemokine concentrations was independent, using gestation, gender, 5-min Apgar score, antenatal steroids, early onset sepsis, and severity of respiratory illness as covariates. Prolonged early O 2 exposure was found to be independently associated with plasma MCP 1 on d 3 (p ϭ 0.003) ( Table 4) . Gestational age was the other significant covariate for MCP 1.
DISCUSSION
Our results were derived from secondary analyses of data from a large cohort of extremely preterm infants who were enrolled in the NICHD Neonatal Research Network multicenter "Inflammatory Cytokines and Neurodevelopmental outcomes in extremely low birth weight infants" study. As was expected, the subgroup of infants who were administered O 2 continually through 24 h of life were more immature, had significantly lower mean birth weight, and needed intubation, surfactant, and antibiotic therapy more often than the group with brief (Ͻ6 h) oxygen exposure. MMP 9 and ␤ chemokine (MIP 1 ␣ and ␤, MCP 1 and RANTES) concentrations in our population are higher than previously reported values for older children, using different techniques (22) . Infants with prolonged early O 2 exposure had elevated MCP 1 and lower RANTES on d 3 than the group with brief O 2 administration. The striking finding of our study was that early prolonged O 2 exposure was independently associated with higher plasma MCP 1 on d 3, even after adjusting for other clinical variables. In our cohort, circulating MMP 9 was considerably higher than has been reported in healthy adults [mean (SEM) 315.3 (29.9) ng/mL] and older children (mean 400.4 -553 ng/mL), although concentrations measured using different techniques (zymography, ELISA and luminex technology) cannot be directly compared (23) . Median MMP 9 levels in fetal plasma, in the setting of preterm labor, and preterm rupture of membranes are also lower than in our cohort (mean 89.3 and 102.5 ng/mL) (24) . Only one previous published study provided normative data on plasma activities of MMP 9, measured by zymography and found these to be highest in preterm infants 33-to 36-wk gestation and to decline by 50% after d 1 (25) . Contrary to previous studies that show an elevation in bronchoalveolar lavage fluid or lung tissue MMP 9 in association with hyperoxia, we found only a modest negative correlation between MMP 9 on d 1 and highest FiO 2 at 3 d (13-15) . There are some potential reasons for this. MMP 9 is a proenzyme that is activated in the tissues; therefore, blood spot MMP 9 may not accurately reflect tissue-specific concentrations or enzymatic activities. In addition, the biologic effect of the MMPs is * p values from likelihood ratio tests. † The parameter estimate can be interpreted as the adjusted median difference in plasma levels between the two comparison groups (for example, 3 d MCP level for the oxygen exposed group is on average 471 pg/mL higher than that for the nonexposed group, after adjusting for covariates). ‡ Covariates included: gestational age, gender, 5 min Apgar Ͻ5, any ANS (including infants who received ANS but did not have a complete course), severity of RDS (defined as more than two doses of surfactant or any HFV vs Ն2 doses of surfactant and no HFV) and EOS.
GA, gestational age; RDS, respiratory distress syndrome; HFV, high-frequency ventilation; EOS, early onset sepsis; CI, confidence interval.
determined by the balance between the enzymes and their tissue inhibitors, the levels of which we did not evaluate (26) . ␤ chemokine concentrations on d 1 and 3 of life in our study are broadly concordant with the limited previous published data, although somewhat higher (26) . Serum MCP 1, MIP 1␣, and RANTES levels very similar to our data were reported in a study comparing these mediators among perinatally asphyxiated and perinatally infected term and preterm neonates and healthy controls, although the assay methodology was traditional ELISA (27) . Our results validate the observation of others that preterm infants mount a robust chemokine response in the first few days of life. By using a different assay methodology of recycling immunoaffinity chromatography, however, Dammann et al. (28) reported very low median levels of MIP 1␣ and RANTES among a small group of 15 extremely low gestation infants, still higher than in the term counterparts.
Both early prolonged O 2 administration and the highest FiO 2 were associated with significantly lower RANTES on d 3. A significantly lower plasma RANTES has been previously reported in perinatally infected neonates and necrotizing enterocolitis and is shown to accurately predict the development of disseminated intravascular coagulation in severely infected infants (27, 29, 30) . In adults, circulating RANTES levels inversely correlate with acute physiological assessment and chronic health evaluation scores (r ϭ Ϫ0.7) and adverse outcomes (median 5.6 ng/mL in nonsurvivors versus 16.4 in survivors, p Ͻ 0.05) (31) . In a study involving adult hemodialyzed patients, a significant negative correlation was observed between RANTES levels and copper-zinc superoxide dismutase levels, an established marker of oxidative stress (32) . Because, in our data, the group of infants with prolonged oxygen exposure was smaller, more immature and generally "sicker" and O 2 administration was not independently predictive of plasma RANTES, we speculate that a lower RANTES may simply be associated with severity of illness, with which oxygen exposure is inextricably linked. MCP 1 on d 3 was significantly higher among infants with early prolonged O 2 exposure, correlated significantly with the highest FiO2, and on median regression, O 2 was an independent predictor of plasma MCP1. These observations are in accord with the limited previous data in neonates. Maximal tracheal aspirate MCP 1 concentrations have been shown to be significantly higher in infants who were O 2 dependent at 28 d and 36 wk postconceptional age and to correlate with the development of BPD and adverse outcomes (33, 34) . Higher tracheal aspirate MCP 1 during the first week have been reported among infants with RDS and pulmonary hemorrhage (34, 35) . MCP 1 has been implicated in the pathogenesis of acute and chronic lung injury in animal studies and is a pathophysiologic mediator of excitotoxic brain injury in neonatal rats (34, 36) . It is believed to be the predominant mediator of monocyte-macrophage activation (34) . The mechanism of MCP 1 increase remains unclear. Therefore, it is certainly plausible that O 2 may be the trigger for an elevated MCP 1 and its associated morbidities.
Our study has some limitations. We used sustained early oxygen exposure from 6 to 24 h of age as a surrogate measure of greater oxygen exposure. Although we compared two groups of infants with distinct durations of O 2 exposure, the actual FiO 2 and the PO 2 in the blood is not available and may have varied among infants. In addition, circulating chemokine and metalloproteinase concentrations may not reflect lung tissue concentrations or tissue-specific oxidative injury. We did not have data on traditional assays of oxidative injury such as oxidized glutathione or urinary isoprostanes or on chorioamnionitis. Chorioamnionitis has been demonstrated to induce pulmonary and systemic inflammatory response, with elevated MMP 9 and cytokines in the bronchoalveolar lavage fluid, lung tissue, and cord blood (37) (38) (39) . In addition, it is associated with a higher risk of preterm birth and may modulate early oxygen requirements through its effect on RDS (40, 41) . We recognize that because of the marked baseline differences between the two groups, some of the major results may be due to an unexplained variance in the groups. Nonetheless, the fairly consistent association between oxygen and higher MCP 1 revealed in our exploratory analyses are novel, potentially important data on which to base further studies.
In summary, oxygen administration was associated with higher plasma MCP 1. This intriguing finding suggests that further investigation is needed to improve our understanding of its role in oxidative injury and utility as a quantifiable marker of oxidative stress in preterm infants. We speculate that MCP 1 may even provide a broad mechanistic link between oxygen, inflammation, and the causally related morbidities.
